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1.  Introduction 


Ceramics  were  first  used  extensively  in  body  armor  and  helicopter  seats  during  the  Vietnam  era, 
when  work  on  armor  ceramics  reached  its  first  peak  on  both  opaque  and  transparent  glass  and 
ceramic  materials.  Much  of  the  early  work  starting  in  the  mid  1960s  was  guided  by  the 
pioneering  modeling  research  of  Mark  Wilkins  and  colleagues  from  the  Lawrence  Radiation 
Laboratory,  mostly  focusing  on  thin  ceramic  armor  plates.  This  pioneering  research  led  many 
investigators  to  conclude  that  ceramic  armor  performance  could  be  significantly  enhanced  with 
materials  macrostructurally  designed  to  grade  from  a  pure  ceramic  to  a  stiff,  more  ductile 
material  at  the  back  surface.  In  recent  years,  these  types  of  materials  have  been  referred  to  as 
functionally  graded  materials  (FGMs). 

Seven  samples  of  TiB2/TiB/Ti  FGMs  were  fabricated  by  Masao  Tokita  and  Masakazu  Kawahara, 
Sumitomo  Coal  Mining  Co.  Ltd.,  Tokyo,  Japan,  using  a  spark  plasma  sintering  (SPS)  process. 
Materials  with  four,  five,  and  six  layers  with  varying  grading  schemes  of  Ti,  TiB,  and  TiB2  were 
produced.  Characterization  of  the  material  was  carried  out,  including  x-ray  radiographic  CT 
scans  by  Mr.  William  Green  and  detailed  x-ray  diffraction  and  field  emission  scanning  electron 
microscopic  microstructural  analysis  by  Mr.  Kyu  Cho,  both  of  the  U.S.  Army  Research 
Laboratory  (ARL),  Aberdeen  Proving  Ground,  MD. 

A  series  of  the  samples  were  then  tested  in  low  and  high  velocity  impact  tests.  Professor  Kasano 
of  the  Takushoku  University,  Tokyo,  Japan,  carried  out  low-velocity  impact  tests  and  high-speed 
photography  on  one  FGM  sample  (FGM  1-4).  Matthew  Burkins  and  William  Gooch  then  used 
the  ARL  100-mm  reverse  ballistics  gas  gun  facility  with  a  1-MeV  x-ray  system  to  get  real  time 
radiographs  of  the  FGM  material  with  comparison  to  monolithic  TiB2  material.  No  dramatic 
improvements  over  the  monolithic  material  were  observed  in  these  tests. 
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materials  (FGMs)  for  armor. 
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•  Reverse  Ballistic  Testing 

•  Summary  and  Conclusions 


Figure  2.  Outline. 
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Figure  4.  SPS  system  configuration. 
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Spark  Plasma  Sintering  at  Sumitomo  Coal  Mining 
Company,  Ltd.,  Tokyo,  Japan: 

Masao  Tokita  and  Masakazu  Kawahara 


Figure  5.  SPS  at  Sumitomo  Coal  Mining  Company,  Ltd.,  Tokyo,  Japan:  Masao  Tokita 
and  Masakazu  Kawahara. 


TiB2/Ti  FGMs  by  SPS:  Sumitomo  Coal  Mining  Company 
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Figure  6.  TiB2/Ti  FGMs  by  SPS:  Sumitomo  Coal  Mining  Company. 
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Source:  William  Green,  U.S.  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  MD. 
Figure  7.  X-ray  CT  scans  of  FGM  1-7  material. 


X-Ray  CT  Scans  of  FGM  1-7  Material 


Source:  William  Green,  U.S.  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  MD. 
Figure  8.  X-ray  CT  scans  of  FGM  1-7  material. 
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Functionally  Graded  Materials 
Spark  Plasma  Sintering  (SPS) 
TiB2/TiB/Ti 


5-  layer  material  (FGM  1-3) 
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Figure  9.  Functionally  graded  materials  SPS  TiB2/TiB/Ti:  five-layer  material 
(FGM  1-3). 


Source:  J.  L.  Murray,  P.  K.  Liao,  and  K.  E.  Spear,  Bull.  Alloy  Phase  Diagram  1986,  7  (6),  550-555 
and  587-588. 

Figure  10.  Ti-B  phase  diagram. 
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FGM  1-3:  5  Layers 
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Figure  11.  FGM  1-3:  five  layers. 


1-6). 
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FGM  1-6:  6  Layers 


Layer  1 : 
85TiB2/1 5TiB 

Reaction  zone 

Layer  2; 
40TiB/60Ti 


Layer  3:  30TiB/70Ti 


TiB  -Ti  reactions 


Figure  13.  FGM  1-6:  six  layers. 


Cracking  in  Plates 

Cracking  between  layers  1  and  2  seemed  to  be  a  problem: 

•  FGM  1-3  exhibited  a  long  crack  initiating  at  the  layer  1-2  boundary  -  propagated 
through  pores  in  layer  1. 

•  FGM  1-4  broke  in  handling  between  layers  1  and  2. 

•  FGM  1-5  tested  in  impact  facility  delaminated  primarily  between  layers  1  and  2. 

Sample  FGM  1-3  crack  path 


Figure  14.  Cracking  in  plates. 


8 


Figure  15.  FGM  1-4:  layer  1  /layer  2  fracture  surface. 


Source:  Takushoku  University,  Professor  Kasano. 

Figure  16.  High-velocity  steel  ball  impact  tester;  2-m  length. 
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Steel  ball  =  5  mm  diameter;  0.5  g 
Velocity  =  240  m/s 


Figure  17.  FGM  sample. 


First  impact  carried  out  on  the  Ti  side  caused  a  dimple;  second  impact  (same  sample) 
on  TiB2  side  caused  delaminations  and  fracturing  of  layer  1 . 


Figure  18.  High-speed  photography  of  impact  on  TiB2  side. 
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Figure  19.  FGM  1-5. 


Figure  20.  The  100-mm  reverse  ballistics  gas  gun  facility  with  1-MeV  x-ray  systems. 
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Figure  21 .  Setup  for  reverse  ballistics  tests. 


Figure  22.  Sample/sabot  configuration. 
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Reverse  Ballistics  Projectile  Setup 


Figure  23.  Reverse  ballistics  projectile  setup. 


V  =  970  m/s 


X-  Ray  Radiographs 
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Figure  24.  X-ray  radiographs. 
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2.  Summary  and  Conclusions 


•  SPS  has  been  successfully  used  to  fabricate  TiB2/TiB/Ti  FGMs  with  densities  approaching 
98%  of  the  calculated  theoretical  density. 

•  In  the  configurations  fabricated,  issues  remain  concerning  the  interface  between  the  top 
TiB2/TiB  layer  and  the  underlying  layers. 

•  Significant  reaction  and  cracking  (delamination)  occur  at  this  interface. 

•  Moderate  velocity  impact  tests  also  exhibit  this  delamination. 

•  Reverse  ballistic  tests  indicate  that  the  four-  and  six-layer  TiB2  top  layer  FGM  samples 
exhibited  results  comparable  to  the  baseline  monolithic  TiB2 

•  These  preliminary  results,  using  SPS  to  fabricate  FGM  samples,  suggest  that  much  more 
systematic  work  is  warranted,  especially  between  the  top  TiB2  layer  and  the  succeeding 
layers. 

•  Future  optimization  of  functionally  graded  TiB2/TiB/Ti  materials  should  be  supported  by 
systematic  modeling  of  a  variety  of  configurations. 
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PO  DRAWER  28510 
SAN  ANTONIO  TX  78284 

2  UNIV  OF  DELAWARE 
DEPT  OF  MECH  ENGR 
J  GILLESPIE 
NEWARK  DE  19716 

3  SRI  INTERNATIONAL 
D  CURRAN 

D  SHOCKEY 
R  KLOOP 

333  RAVENSWOOD  AVE 
MENLO  PARK  CA  94025 


7  INST  OF  ADVANCED  TECH 
UNIV  OF  TX  AUSTIN 
S  BLESS 
H  FAIR 

D  LITTLEFIELD 
C  PERSAD 
P  SULLIVAN 
R  SUBRAMANIAN 
S  SAT  APATHY 
3925  W  BRAKER  LN 
AUSTIN  TX  78759-5316 

1  APPLIED  RSRCH  ASSOCIATES 
D  GRADY 

4300  SAN  MATEO  BLVD  NE 
STE  A220 

ALBUQUERQUE  NM  871 10 

1  INTERNATIONAL  RSRCH 

ASSOCIATES  INC 
D  ORPHAL 
4450  BLACK  AVE 
PLEASANTON  CA  94566 

1  BOB  SKAGGS  CONSULTANT 
S  SKAGGS 

79  COUNTY  RD  1 17  SOUTH 
SANTA  FE  NM  87501 

2  WASHINGTON  ST  UNIV 
INST  OF  SHOCK  PHYSICS 
Y  GUPTA 

J  ASAY 

PULLMAN  WA  99164-2814 

1  COORS  CERAMIC  CO 
T  RILEY 
600  NINTH  ST 
GOLDEN  CO  80401 

1  UNIV  OF  DAYTON 

RSRCH  INST 
NBRAR 

300  COLLEGE  PARK 
MS  SPC  1911 
DAYTON  OH  45469 

5  DIRECTOR 
USARL 
K  WILSON 
FRENCH  DEA  1396 
ADELPHI  MD  20783-1 197 
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2  COMMANDER 
US  ARMY  TACOM 
AMSTA  TR  S 

T  FURMANIAK 
L  PROKURAT  FRANKS 
WARREN  MI  48397-5000 

1  PROJECT  MANAGER 

ABRAMS  TANK  SYSTEM 
J  ROWE 

WARREN  MI  48397-5000 

4  COMMANDER 

US  ARMY  RSRCH  OFC 
B  LAMATINA 
D  STEPP 
W  MULLINS 
D  SKATRUD 
PO  BOX  12211 

RSRCH  TRIANGLE  PARK  NC 
27709-2211 

1  NAVAL  SURFACE  WARFARE  CTR 
CARDEROCK  DIVISION 
R  PETERSON 
CODE  28 

9500  MACARTHUR  BLVD 
WEST  BETHESDA  MD  20817-5700 

4  LAWRENCE  LIVERMORE  NATL  LAB 

R  GOGOLEWSKI  L290 
R  LANDINGHAM  L369 
J  REAUGH  L32 
S  DETERESA 
PO  BOX  808 
LIVERMORE  CA  94550 

6  SANDIA  NATL  LAB 

J  ASAY  MS  0548 
R  BRANNON  MS  0820 
L  CHHABILDAS  MS  0821 
D  CRAWFORD  ORG  0821 
M  KIPP  MS  0820 
T  VOLGER 
PO  BOX  5800 

ALBUQUERQUE  NM  87185-0820 

3  RUTGERS  THE  STATE  UNIV 
OF  NEW  JERSEY 

DEPT  OF  CERAMIC  &  MTRL  ENGR 
R  HABER 
607  TAYLOR  RD 
PISCATAWAY  NJ  08854 


1  NAVAL  RSRCH  LABORATORY 
CODE  6684 

4555  OVERLOOK  AVE  SW 
WASHINGTON  DC  20375 

3  SOUTHWEST  RSRCH  INST 
C  ANDERSON 
J  RIEGEL 
J  WALKER 
6220  CULEBRA  RD 
SAN  ANTONIO  TX  78238 

1  ARMORWORKS 
W  PERCIBALLI 

2495  S  INDUSTRIAL  PARK  AVE 
TEMPE  AZ  85281 

1  CERCOM 
R  PALICKA 
991  PARK  CENTER  DR 
VISTA  CA  92083 

6  GDLS 

W  BURKE  MZ436  21  24 
G  CAMPBELL  MZ436  30  44 
D  DEBUSSCHER  MZ436  20  29 
J  ERIDON  MZ436  21  24 
W  HERMAN  MZ435  01  24 
S  PENTESCU  MZ436  21  24 
38500  MOUND  RD 
STERLING  HTS  MI  48310-3200 

1  JET  PROPULSION  LAB 
IMPACT  PHYSICS  GROUP 
M  ADAMS 

4800  OAK  GROVE  DR 
PASADENA  CA  91109-8099 

1  KAMAN  SCIENCES  CORP 

1500  GARDEN  OF  THE  GODS  RD 
COLORADO  SPRINGS  CO  80907 

3  OGARA  HESS  &  EISENHARDT 
G  ALLEN 
D  MALONE 
T  RUSSELL 
9113  LE  SAINT  DR 
FAIRFIELD  OH  45014 


18 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


3  JOHNS  HOPKINS  UNIV 
DEPT  OF  MECH  ENGR 
K  T  RAMESH 
3400  CHARLES  ST 
BALTIMORE  MD  21218 

1  SAIC 

J  FURLONG 
MS  264 

1710  GOODRIDGE  DR 
MCLEAN  VA  22102 

2  SIMULA  INC 

V  HORVATICH 

V  KELSEY 
10016  51ST  ST 
PHOENIX  AZ  85044 

6  UNITED  DEFENSE  LP 
J  DORSCH 
B  KARIYA 
M  MIDDIONE 
R  MUSANTE 
R  RAJAGOPAL 
D  SCHADE 
PO  BOX  367 

SANTA  CLARA  CA  95103 

3  UNITED  DEFENSE  LP 
E BRADY 

R  JENKINS 
J  JOHNSON 
PO  BOX  15512 
YORK  PA  17405-1512 

ABERDEEN  PROVING  GROUND 


91  DIRUSARL 

AMSRD  ARL  WM 
SKARNA 
J  SMITH 
E  SCHMIDT 
T  WRIGHT 
AMSRD  ARL  WM  BC 
J  NEWILL 

AMSRD  ARL  WM  M 
R  DOWDING  (6  CPS) 
S  MCKNIGHT 
AMSRD  ARL  WM  MB 
K  CHO  (6  CPS) 
AMSRD  ARL  WM  MC 
R  SQUILLACIOTI 


AMSRD  ARL  WM  MD 
ECHIN 
G  GAZONAS 
J  LASALVIA 
J  MONTGOMERY 
P  PATEL 
J  SANDS 

AMSRD  ARL  WM  T 
B  BURNS 

AMSRD  ARL  WM  TA 
P  BARTKOWSKI 
M  BURKINS  (6  CPS) 

W  GOOCH  (6  CPS) 

D  HACKBARTH 
T  HAVEL 
C  HOPPEL 
E  HORWATH 
T  JONES 
M  KEELE 
D  KLEPONIS 
H  MEYER 
J  RUNYEON 
N  RUPERT 
D  RUSIN 
M  ZOLTOSKI 

AMSRD  ARL  WM  TB 
P  BAKER 
A  GUPTA 

AMSRD  ARL  WM  TC 
R  COATES 
T  FARRAND 
K  KIMSEY 
L  MAGNESS 
D  SCHEFFLER 
R  SUMMERS 
W  WALTERS 

AMSRD  ARL  WM  TD 
T  BJERKE 
J  CLAYTON 
D  DANDEKAR 
M  GREENFIELD 
K  IYER 

J  MCCAULEY  (20  CPS) 
H  MEYER 
E  RAPACKI 
M  SCHEIDLER 
S  SCHOENFELD 
S  SEGLETES 
T  WEERASOORIYA 
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